I Whether or not competition intensity increases or is similar along productivity gradients has been highly controversial for a number of years, but empirical results bearing on this question are quite variable and no consistent answer has yet emerged. We have developed a more general hypothesis that includes these contradictory predictions as special cases that apply under different types of resource dynamics and different types of interactions between the growth and survival components of fitness. 2 The two-phase resource dynamics hypothesis of plant interactions along productivity gradients is based on the fact that soil resources are usually supplied in pulses rather than continuously, as assumed by most formal theory for community dynamics of terrestrial plants. When soil resource supply is temporally variable, individual plants will experience two distinct phases of resource availability: pulse periods when resources are high and most growth and resource accumulation occurs, and interpulse periods when resources are too low for most plants to take up and most mortality due to resource deficits takes place. 3 Competitive effects on growth should occur during pulses at both high and low productivity. In productive environments, interpulse intervals should be relatively mild and infrequent and therefore competitive effects during pulses will usually be important for individual and population persistence. However, as productivity decreases, the frequency of pulses (as well as or in place of their magnitude) often decreases and the duration of interpulse periods increases. Therefore, we suggest that processes occurring during interpulse intervals become increasingly important for individual and population persistence as interpulse intervals become longer. Whether or not competition occurs under low productivity will then depend on (i) the extent to which the asymptotically low resource availability during interpulse periods is determined by plant uptake or by abiotic factors such as leaching, drainage, evaporation and volatization, and (ii) the extent to which decreased growth due to competition during pulses results in decreased survival during interpulse periods. 4 According to the two-phase resource dynamics hypothesis, Grime's hypothesis that competition is unimportant at low productivity will hold when soil resource availability between pulses in unproductive environments is controlled by abiotic factors and when survival during interpulse intervals is independent of or even negatively correlated with growth during pulse periods. In contrast, Newman's and Tilman's hypothesis that competition is equally important along productivity gradients will apply when either of these conditions is not true. We predict that the conditions for Grime's hypothesis to apply are more likely for productivity gradients driven by water than by mineral nutrients and when response to competition is measured for community structure or individual survival rather than for individual growth. 5 We tested the predictions about water vs. nutrient gradients and growth vs. survival or community structure responses using data from a literature survey on field and garden experiments measuring relative competition intensity along productivity gradients. The results are consistent with the prediction that competitive effects on survival but not on growth will increase with productivity. However, the second prediction on nutrient vs. water gradients is not supported, although data on water gradients are extremely limited. 6 We intend this description and preliminary test of the two-phase resource dynamics hypothesis to stimulate experiments that explicitly examine processes occurring during pulse and interpulse phases of resource supply, as well as more direct comparisons of actual resource dynamics along productivity gradients. Even if the details of the hypothesis do not hold up under such detailed scrutiny, our more general point should still be relevant: that much of the controversy over the role of competition along productivity gradients could be resolved by a more careful consideration of the conditions under which apparently contradictory hypotheses are expected to apply.
Introduction
A long-standing debate in ecology concerns the relative importance of biotic processes vs. direct responses to the abiotic environment in controlling both individual fitness and community structure (Wiens 1977; Strong et al. 1984; Strong 1986 ). This issue has proved particularly controversial when applied to 'stressful' or unproductive environments (Grime 1973 Tilman 1982 Tilman , 1988 . Grime (1973 Grime ( , 1979 has argued that competition is relatively unimportant for plants in unproductive environments because plant biomass and therefore resource depletion is low. Instead, unproductive environments are dominated by species that are poor competitors but highly stress tolerant, because they are better at surviving during periods of severe resource shortage. In contrast, Newman (1973) and Tilman (1987 Tilman ( , 1988 have argued that competition is equally important throughout productivity gradients, although the resources concerned may differ. Thus, in unproductive environments, competition is primarily for below-ground resources (i.e. nutrients and water), while in productive environments competition is primarily for light.
Although these contrasting hypotheses have been tested by comparing the magnitude of competition intensity along productivity gradients, results have been quite variable and no clear answer has yet emerged (Goldberg & and the use of total vs. per-gram competitive effects (Wilson & Tilman 1991) . The main focus of this discussion has been on methodology rather than on whether the hypotheses themselves make predictions that apply to different measures of competition intensity. Here, we suggest a more comprehensive framework that incorporates both of the contrasting hypotheses and defines the conditions under which each is likely to apply. We argue that making reasonable predictions about the role of competition along environmental gradients will depend on knowing both the kind of dynamics exhibited by the limiting resources, and which measures of individual fitness and community structure were examined in particular situations.
Specifically, we suggest that one reason for the lack of consistent results regarding the relative importance of competition and stress tolerance is a failure to take into account the temporal dynamics of soil resources and how these dynamics differ along productivity gradients. This may be crucial where soil resources become increasingly restricted to distinct pulses as productivity declines. This is most obvious for water, where, within a growing season, the resource is clearly more variable in more arid environments because intervals between rainfall events tend to be longer (Noy-Meir 1973). Therefore, where water is the limiting resource, plants will often experience two distinct temporal environments: relatively resource-rich pulse phases during which most resource uptake and growth take place, and longer interpulse phases when water availability is too low for uptake by most plants and during which most mortality due to resource deficits takes place. In arid environments, nutrient supply is usually assumed to track water supply so that nutrients are also expected to be strongly pulsed in water-limited systems (Noy-Meir 1973; but see Whitford et al. 1986) . A similar pattern has been suggested for habitats within a climatic region that D. Goldberg & A. Novoplansky differ only in nutrient availability, although greater restriction of nutrient availability in infertile sites to temporally unpredictable flushes is poorly documented (Gupta & Rorison 1975; Chapin 1980; Crick & Grime 1987 ). Below, we discuss the consequences of distinguishing between pulse and interpulse phases of any soil resource for our understanding of the role of competition, before returning to possible differences between water and nutrient resources.
The two-phase resource dynamics hypothesis
We hypothesize that, when a soil resource is limiting, the ability of individuals to pre-empt soil resources rapidly during pulses (competitive ability; sensu Grime 1977) will determine both their ability to suppress growth of other plants and to avoid suppression themselves during the pulse (net competitive effect and response, respectively; sensu Goldberg 1990). However, survival of individuals and therefore persistence within a habitat will largely be determined by ability to survive despite low soil resources during interpulse periods (a component of stress tolerance; sensu Grime 1977 ). If the asymptotically low level of resources during the interpulse period is at least partly a function of the presence and abundance of plants, then survival during the interpulse period will still be influenced by competition. However, where other mechanisms of resource loss, such as leaching, drainage, evaporation or volatization, determine soil resource levels during the interpulse phase, resource levels would be similar in the presence or absence of other plants and therefore competition would not be important in determining success (i.e. survival) during interpulse phases. Although the plant traits involved in tolerating low soil resource levels during the interpulse phase are likely to be similar whether resources are low due to competition or due to environmental factors (both would show stress tolerance; sensu Grime 1977), only in the former case would the plants necessarily be characterized as strong response competitors (sensu Goldberg 1990). Even if competition is important in both phases, traits leading to competitive success during the interpulse phase (tolerance of low resource levels) would be likely to differ from those leading to competitive success during pulse phases (rapid resource pre-emption).
The scenario so far assumes no interaction between pulse and interpulse phases. The magnitude of such interactions will depend on the extent to which survival during the interpulse phase is dependent on growth and resource accumulation during the pulse phase. The most obvious scenario is a positive correlation, such that competition would reduce growth or resource accumulation during a pulse, which would lead to a decrease in survival during intervals between pulses (e.g. A. Dyer & K. Rice, personal communication). This would blur the distinction between processes occurring during and between pulses and make competition more likely to be important for survival under low resource conditions, even if the competitive environment did not influence resource availability between pulses.
This two-phase resource dynamics hypothesis suggests that competitive effects will usually be observed during resource pulses, regardless of the frequency of pulses. If interpulse intervals at high productivity are typically short and mild, competition will usually be important at high productivity. As productivity decreases, we expect that interpulse intervals will become longer and thus more important in determining individual and population persistence (cf. the resource crunches of Wiens 1977) . Therefore, the importance of competition at low productivity depends on the extent to which competitive effects are also observed during interpulse intervals. This is turn depends on the extent to which vegetation or abiotic factors determine soil resource availability between pulses and the extent to which decreased growth during pulses (due to competition) decreases probability of survival between pulses. Thus, Grime's (1977) hypothesis that competition is relatively unimportant in unproductive environments corresponds to a particular subset of conditions within the more general hypothesis based on resource dynamics: competition will be unimportant in unproductive environments only if (i) soil resource availability during interpulse phases is largely independent of vegetation, and (ii) survival between resource pulses is not positively correlated with growth during pulses.
The major alternative hypothesis to Grime (1977) has been that the species that dominate unproductive environments are superior competitors under those particular resource conditions, and competition therefore is an important process affecting individual growth and survival, as well as explaining distribution and abundance patterns in unproductive environments (Newman 1973; Tilman 1982 Tilman , 1988 ; Taylor, Aarssen & Loehle 1990). The two-phase resource dynamics hypothesis predicts that this hypothesis will apply either if (i) plants determine soil resource availability during both pulse and interpulse intervals, or (ii) survival between resource pulses is positively correlated with growth during pulses.
The explicit separation of processes occurring during and between pulses also suggests that predictions about the importance of competition along productivity gradients depend strongly on how the response to competition is measured. The resource dynamics hypothesis predicts that competition can occur at all productivity levels, but will be restricted primarily to pulses. Because resource uptake and growth occur primarily during pulses, relative competitive effects on growth should therefore not change in relative magnitude along productivity gradients. However, if resource levels between pulses are determined by abiotic factors rather than other plants, competitive effects on survival should be reduced as Competition in unproductive environments interpulse intervals become longer at low productivity. Further, to the extent that population abundance and distribution depend on individual persistence during periods of low resources (Wiens 1977) , this hypothesis also suggests that competitive effects on community structure should be less in unproductive environments in which interpulse periods are of sufficient duration to cause substantial mortality. Given long-enough interpulse periods, the dominant species in unproductive environments should simply be those that can survive during interpulse periods, regardless of other plants, rather than those that are good competitors during pulses, as argued by Grime (1979) . Therefore, this hypothesis does not exclude the possibility that competition occurs in unproductive environments (Fowler 1986 ) but predicts that the effects of competition during pulses could be overridden by the conditions in the interpulse periods. Nor does it exclude the possibility that, consistent with Grime's (1977) argument, species dominant in more productive sites are better competitors regardless of site conditions (e.g. Mahmoud & Grime 1976), but predicts that this will only be true for short-term measurements during pulses.
Conditions required for competition to be unimportant at low productivity By viewing the 'Grime-Tilman' debate about the role of competition in plant distributions and community structure in the context of the more general two-phase resource dynamics hypothesis, it becomes clear that whether or not each one is expected to hold in a particular case depends on a number of conditions (Table 1) . If competition is to be unimportant in low productivity environments, not only must the assumptions underlying the two-phase resource dynamics hypothesis in general apply (conditions 1 and 4), but also those specifically required by Grime's hypothesis must apply (conditions 2 and 3). We review the evidence bearing on these conditions below. If any one of these conditions is not met, competition is likely to be an important process even at low productivity, consistent with the Newman-Tilman hypothesis.
THE RESOURCE IS PULSED AND PULSES

BECOME LESS FREQUENT
AT LOW PRODUCTIVITY This is undeniably true for water, which is supplied to most habitats in discrete rainfall events that become less frequent in drier and less productive habitats (Noy-Meir 1973). As already noted, it has also been hypothesized to be true for nutrients, but data are scarce. While in arid regions nutrient pulses are usually assumed to follow water pulses, making all types of soil resources relatively pulsed, it is not clear that nutrients would also be more pulsed in less fertile soils within wetter climatic regions. Table 1 Necessary conditions for competition to be unimportant in low productivity environments according to the two-phase resource dynamics hypothesis. We argue these conditions are more likely to be met when water is a limiting resource (rather than nutrients) and when response to competition is measured for survival, population persistence, or community structure (rather than for growth). If any of these conditions are not met, competition is likely to be an important process at low productivity. At high productivity, under this hypothesis, competition is assumed to be important under all conditions
SOIL RESOURCE AVAILABILITY BETWEEN PULSES IN UNPRODUCTIVE ENVIRONMENTS IS
Conditions for competition to be unimportant at low productivity it is important to consider the extent to which the lengthening of a drought period by plants counteracts the lack of effect of plants on actual water levels during the drought. As rainfall events become less frequent, the effect of plants on drought duration should become less important, suggesting that Grime's prediction that competition is unimportant in unproductive environments might generally hold only in very low rainfall environments.
We found no examples of data on nutrient dynamics covering both pulse and interpulse intervals, so that it is difficult even to suggest whether abiotic sources of loss can result in resource levels as low as those imposed by plant uptake. In the absence of such direct tests, we made a preliminary indirect test of the explanatory power of the resource dynamics hypothesis by testing two predictions generated by the hypothesis. First, we predict that competition intensity should increase with increasing productivity when individual survival or measures of community structure are assessed but not when individual growth rates are measured. Competitive effects on individual growth rates should occur throughout a gradient because these effects are determined by processes restricted to pulses. Secondly, intensity of competition should be relatively similar along productivity gradients driven only by variation in soil fertility but should increase along productivity gradients driven by water, where the conditions required for our interpretation of Grime's hypothesis are more likely to apply.
To test these predictions, we used three sources of data. (i) All field experiments cited by Goldberg & Barton (1992) (henceforth G&B) as meeting a set of minimal criteria for addressing questions about the intensity of competition along productivity gradients Competition in unproductive environments (see G&B table BI). These studies were from a quantitative survey of seven leading ecological journals from 1979 to 1988. (ii) We surveyed two of those journals (Ecology and Journal of Ecology) further between 1989 and 1995 for additional field experiments meeting the same criteria. (iii) To broaden the survey, we examined studies (regardless of journal or year) cited in data sets (i) or (ii) and included those that met the same criteria. While the data set cannot be considered as a quantitative survey of all field experiments on competition intensity and productivity, it is likely to be broadly representative. We report results only from studies using measures of relative competition intensity or where relative competition intensity was easily calculated. Absolute measures of competition intensity are subject to the bias that more productive sites have greater potential growth in the absence of competition and therefore greater potential differences between treatments with and without competitors (Goldberg & Scheiner 1993; Grace 1995).
We found 22 studies that met these criteria, involving 55 species-site combinations (Table 2) . While this is a substantial number of experiments, the majority of these studies used biomass or growth as the dependent variable and investigated patterns along nutrient gradients (Table 2 ). This leaves a fairly weak database to test our comparative predictions. In addition, as in G&B's more limited database, experimental gradients were more likely to show similar competition intensities than were natural gradients, within each category of resource type and dependent variable (Table  3) . The reason for this result is still not clear, although one possibility is that when nutrients are added once or twice during a growing season, experimental additions of resources might be highly pulsed relative to naturally high productivity systems, leading to less contrast in competition intensity between low and experimentally high productivity sites.
As predicted by the two-phase resource dynamics hypothesis, effects on survival were more likely to show greater competition intensity with increasing productivity (73% of 11 comparisons) than were effects on growth (15% of 53 comparisons; Table 3 ). Within each resource and gradient type, the data were scarce for survival, but similar trends were observed (Table 3) . Data on reproduction were even scarcer but were more similar to those for survival than for growth. In contrast, the predicted differences in response to nutrient vs. water gradients were not observed. For most combinations of gradient type and dependent variable shown in Table 3 , similar proportions of experiments showed equal vs. increasing competition intensity with productivity, whichever resource gradient was considered. Unfortunately, data on survival, where the strongest patterns were expected, were particularly scarce so these results should be regarded as very tentative.
The results summarized in Table 3 (Goldberg 1996) . Secondly, unlike the extensive theory on the role of temporal heterogeneity in coexistence and maintenance of species diversity (Chesson & Huntly 1988) , the twophase resource dynamics hypothesis makes explicit predictions about how particular types of species will respond to particular kinds of environmental gradients, and therefore has more potential explanatory power about the distribution and abundances of species and functional groups of species.
Conclusions
The issue of competition intensity along productivity gradients has been highly controversial in theoretical discussions, and empirical results have been quite variable. However, some of the disagreement may be resolved by more careful separation of the underlying mechanisms of the alternative hypotheses and therefore the conditions under which each hypothesis is Table 3 Summary of field experiments testing whether competition intensity is constant, increases or decreases with increasing productivity for different dependent variables. Individual growth includes measures of final biomass or cover as well as measures of growth rate. Experimental gradients include cases where the resource type was added to the natural environment and natural gradients include cases where an observed productivity gradient was due unambiguously to water, nutrients or was not clear and probably both (mixed). See Table 2 We also suggested that Grime's hypothesis is more likely to apply to productivity gradients due to resources that become increasingly pulsed at low mean levels and where the resources are less likely to be accumulated in either soil or plants. These criteria should apply more to water than to nutrients and so this argument predicted a greater difference in competition intensity between xeric and mesic environments than between infertile and fertile environments. However, the few field experiments along water gradients show highly variable results that are not consistent with this prediction. This may be due to problems in whether these water and nutrient gradients do differ consistently in pulsing regimes as we assumed, or, more critical for the two-phase resource dynamics hypothesis in general, whether the hypothesis is applicable at all. Because data on resource dynamics are rarely available, it is impossible at this time to evaluate which of these explanations is correct.
Thus, there is some indirect evidence in support of the two-phase resource dynamics hypothesis but other results are ambiguous. Clearly, more comparative data on resource dynamics among environments are needed to test the underlying assumptions of the hypothesis. More directly, experimental tests are needed that simultaneously manipulate resource pulsing regimes as well as competition and explicitly sep- 
